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Among shallow water sea urchin genera, Arbacia is the only genus that contains species
found in both high and low latitudes. In order to determine the geographical origin of the
genus and its history of speciation events, we constructed phylogenies based on
cytochrome oxidase I and sperm bindin from all its species. Both the mitochondrial and
the nuclear gene genealogies show that Arbacia originated in the temperate zone of the
Southern Hemisphere and gave rise to three species in the eastern Pacific, which were
then isolated from the Atlantic by the Isthmus of Panama. The mid-Atlantic barrier
separated two additional species. The bindin data suggest that selection against
hybridization is not important in the evolution of this molecule in this genus. Metz
et al. in a previous publication found no evidence of selection on bindin of Arbacia and
suggested that this might be due to allopatry between species, which obviated the need
for species recognition. This suggestion formed the basis of the conclusion, widely
spread in the literature, that the source of selection on sea urchin bindin (where it does
occur) was reinforcement. However, the range of Arbacia spatuligera overlaps with that
of two other species of Arbacia, and our data show that it is hybridizing with one of
them. We found that even in the species that overlap geographically, there are no
deviations from selective neutrality in the evolution of bindin.
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As a rule, shallow water epifaunal sea urchin genera
are either entirely tropical or entirely temperate, with
limited overlap in the subtropics. This separation has
important biogeographical consequences, becausence: H. A. Lessios, Fax: +507 212 8790;
sh@post.harvard.edu
ress: Science Applications International
MD, USA.
Published 2011. This article is atoday’s oceans are connected only at high latitudes.
Thus, shallow water marine taxa that are strictly tropi-
cal are prevented by physical barriers and thermal tol-
erances from spreading between ocean basins. Yet, each
tropical sea urchin genus contains species in more than
one ocean, because such contacts were possible in the
past. The Tethys Sea in the Northern Hemisphere had
connected the Indo-Pacific with the Atlantic until the
Middle Miocene (Ro¨gl & Steininger 1984; Vrielynck
et al. 1997). An alternate route around the southern tipU.S. Government work and is in the public domain in the USA.
PHYLOGEOGRAPHY AND B INDIN E VOLUTI ON IN ARBACIA 131of Africa became blocked for tropical organisms by the
onset of the Benguela upwelling off the South-west
coast of Africa in the Late Miocene and the Pliocene
(Meyers et al. 1983; Marlow et al. 2000). Most shallow
water taxa in the tropical eastern Pacific have been iso-
lated from the rest of the Indo-Pacific for the greater
part of the Cenozoic by the eastern Pacific barrier,
5000 km of deep water with no stepping stones (Grigg
& Hey 1992; but see Lessios et al. 1998, 2003; Lessios &
Robertson 2006). When the Isthmus of Panama was
completed in the Pliocene (Coates & Obando 1996), it
became virtually impossible for any taxon that cannot
survive in low temperatures to spread from one ocean
to another (Lessios 2008), although there are a few
known cases of leakage by tropical fishes around the
southern tip of Africa (Bowen et al. 2001, 2006; Rocha
et al. 2005). Thus, stenothermic tropical species in dif-
ferent oceans have evolved independently since the Pli-
ocene. Among shallow water sea urchins, only one
genus, Arbacia, is found in both low and high latitudes
and thus has the potential of maintaining gene flow
between ocean basins.
Arbacia contains six extant species. Arbacia lixula is
common throughout the Mediterranean Sea and also
occurs on the African Atlantic coast, ranging south to
Angola (Mortensen 1935: 572). It is also found on the
other side of the Atlantic; whereas in the eastern Atlan-
tic it occupies mostly the Northern Hemisphere, in the
western Atlantic it occurs only in the Southern Hemi-
sphere, on the coast of Brazil. It inhabits the littoral
zone, down to 5 m. In the Northern Hemisphere of the
western Atlantic, A. lixula is replaced by Arbacia punctu-
lata, which ranges from Cape Cod to Suriname, with a
bathymetrical distribution from the intertidal to 225 m
(Mortensen 1935: 575). This species is rare in the Carib-
bean. In the eastern Pacific, there are three species. Ar-
bacia stellata (=A. incisa) is found from Baja California to
Peru at <10 m depth (Mortensen 1935: 577). Arbacia
spatuligera occurs from Guayaquil in Ecuador to Puerto
Montt in southern Chile at <25 m depth. The distribu-
tion of Arbacia dufresni begins at Puerto Montt and con-
tinues around Tierra del Fuego into the South-West
Atlantic to Patagonia and the Falkland Islands (Malvin-
as) from 0 to 315 m (Mortensen 1935: 580). This is the
only species of Arbacia found on both sides of South
America. It also occurs at Booth (Wandel) Island on the
coast of Antarctica. Mortensen (1910) described an addi-
tional species, Arbacia crassispina, which he considered
endemic to Tristan da Cunha, half-way between South
America and South Africa, but we have also encoun-
tered specimens conforming to his description in the
Falkland Islands. Thus, Arbacia is unique among epifau-
nal shallow water echinoid genera in containing species
that extend from the northern temperate zone into thePublished 2011. This article is a U.S. Government work and is in the ptropics, and also species in the Southern Hemisphere
that are restricted to the temperate and sub-Antarctic
zones. The barriers that may have caused speciation in
this genus are likely to be different from those that
caused speciation in strictly tropical echinoid genera,
such as Echinometra (McCartney et al. 2000; Landry
et al. 2003), Diadema (Lessios et al. 2001), Lytechinus (Zi-
gler & Lessios 2004), Tripneustes (Lessios et al. 2003), or
Eucidaris (Lessios et al. 1999), because – judging by its
modern distribution – it is a taxon with much wider
thermal tolerances. Mayr (1954) speculated that the spe-
cies of Arbacia are so old, that evidence of the pattern of
their speciation is no longer reflected in present-day
ranges [see also Palumbi & Lessios (2005)], but it is
equally possible that something in the history of the
genus may account for the odd distribution of its spe-
cies. Alternatively, the apparent nonconformity to the
zoogeographical pattern of other sea urchins may be a
taxonomic artefact if tropical and low-latitude species
have been included in the same genus even though
they belong to different clades.
A phylogeny of four species of Arbacia was published
by Metz et al. (1998). They used partial sequences of
cytochrome oxidase I (COI) to establish the relation-
ships between the species and to compare the mito-
chondrial DNA phylogeny with the genealogy of the
bindin gene. Bindin is a molecule that coats the acro-
some process of the sperm and mediates binding and
fusion with the egg membrane. In some genera of sea
urchins, it is recognized in a species-specific manner by
the egg receptor, and in some genera, it evolves under
strong selection (review in Zigler 2008). This is not the
case in Arbacia; Metz et al. found no evidence of selec-
tion in the ratio of amino acid replacement to silent
substitutions of this molecule. They also documented
that A. stellata and A. punctulata can cross-fertilize
indiscriminately in the laboratory. As the primary objec-
tive of Metz et al. was to study the evolution of the bin-
din molecule, they used few sequences from each
species and did not root the COI and bindin phyloge-
netic trees. They also considered all species of Arbacia
as allopatric. The absence of selection on bindin of Arba-
cia (with generally allopatric species) and the presence
of strong selection in Echinometra (Metz & Palumbi
1996; McCartney & Lessios 2004), Strongylocentrotus (Bi-
ermann 1998) and Heliocidaris (Zigler et al. 2003) (which
contain sympatric species) led to the hypothesis that
species recognition and avoidance of hybridization were
the selective forces acting on bindin (Swanson & Vacqu-
ier 2002; Geyer & Palumbi 2003; Zigler & Lessios 2003;
McCartney & Lessios 2004; Lessios 2007; Zigler 2008;
Geyer & Lessios 2009; Levitan & Stapper 2010). There
is, however, evidence that one species of Arbacia is sym-
patric with two others. On the Pacific coast of Southublic domain in the USA.
132 H. A. LESSIOS ET AL.America, the range of A. spatuligera overlaps with that
of A. stellata in the North and that of A. dufresni in the
South. For example, A. spatuligera and A. stellata are
both found on the islands of Lobos de Afuera in north-
ern Peru (Hooker et al. 2005), and A. spatuligera and
A. dufresni are both found in Puerto Montt in Chile
(Lorrain 1975). One of the objectives of the present
study is to determine whether bindin of A. spatuligera
shows evidence of having evolved under selection,
which would be expected if avoidance of hybridization
(reinforcement) has resulted in selective pressures on
this molecule.
In this study, we use partial sequences of COI and
complete sequences of the mature sperm bindin mole-
cule to address the following questions: (i) Are all the
species of Arbacia described on the basis of morphology
also reflected in gene genealogy? (ii) Where did the
genus originate and what are the phylogenetic relation-
ships between its species? (iii) When did speciation
occur, and what barriers might have caused it? (iv) On
the basis of the phylogeny, is it possible to subdivide
the genus in a way that would separate low- from high-
latitude species? (v) Is there evidence of selection on
bindin of the species of Arbacia that are partially sym-
patric?Materials and methods
Collection of specimens
We collected 256 individuals of Arbacia from 28 locali-
ties, representing all six described species of the genus:
14 of Arbacia crassispina from Tristan da Cunha and the
Falkland Islands; 46 of Arbacia dufresni from the Atlantic
coast of Patagonia, the Falklands, Tierra del Fuego and
Chile; 15 of Arbacia spatuligera from Peru; 22 of Arbacia
stellata from Peru, Panama, El Salvador and Baja Cali-
fornia; 19 of Arbacia punctulata from the Caribbean, Flor-
ida and North Carolina; and 140 of Arbacia lixula from
Cape Verde, the Canaries, Madeira, the Azores, Brazil,
and from eight locations in the Mediterranean (Fig. 1).
Four individuals of the arbacioid Tetrapygus niger were
collected from Chile or Peru to serve as outgroups. The
only geographical region in the range of Arbacia that is
not represented in our collections is the west coast of
Africa, South of Cape Verde, where the ‘variety’ A. lix-
ula africana occurs (Mortensen 1935: 572). Samples were
preserved in 95% ethanol or in high-salt DMSO buffer
(Seutin et al. 1991).DNA extraction and sequencing
We carried out genomic DNA extractions, polymerase
chain reaction (PCR) amplifications, PCR product purifi-Published 2011. This article is acation and DNA sequencing of a partial COI region as
described by Lessios et al. (1996), with one modifica-
tion: Primers used in the forward direction were either
CO1-f 5¢ CCTGCAGGAGGAGGAGAYCC or CO1-p
5¢GGTCACCCAGAAGTGTACAT. CO1-a 5¢ AGT-
ATAAGCGTCTGGGTAGTC was used as the reverse
primer. These primers amplified up to 670 nucleotides
of the COI region. Using the amplification primers for
cycle sequencing, we sequenced in both directions, at
least once for each strand, using automatic sequencers
from Applied Biosystems.
Sequences of the mature bindin molecule were
obtained from the data of Metz et al. (1998) (GenBank
accession no. AF030825.1–AF030829.1, AF030831.1,
AF030833.1, AF030835.1, AF030837.1, AF030839.1,
AF030841.1, AF030843.1, AF030845.1, AF030847.1,
AF030849.1, AF030851.1, AF030853.1, AF030855.1,
AF030857.1), augmented with new sequences from two
individuals of A. crassispina, three of A. spatuligera, four
of A. dufresni and one of T. niger. The methods of Metz
et al. were used to amplify the two bindin exons of
mature bindin using their primers AMBF3 and AMBR2
and Flexi-Go Taq polymerase (Promega). Amplicons
were cloned using the pGEM-T Easy Vector System II
(Promega), then cycle-sequenced using M13
(GTAAAACGACGGCCAG) and M13R (GGAAACAGC-
TATGACCATG) primers. One clone from each individ-
ual was sequenced in one direction, except for one
individual of A. dufresni and one of A. spatuligera from
Bahia Corral, Chile, in which five clones from each
specimen were sequenced. One of these individuals
proved to be homozygous and the other heterozygous.
Intron sequences were not used in our analysis. The
complete mature bindin of Arbacia is 705 bp long. The
new bindin sequences have been deposited in GenBank
under accession numbers JF773135–JF773144.Phylogenetic reconstruction
We employed Posada’s (2008) JMODELTEST program
v. 0.1.1 to determine the simplest model of mitochon-
drial DNA (mtDNA) and of bindin evolution that pro-
duced the best fit of the data to the tree, based on the
AIC criterion (Akaike 1974). This condition was satis-
fied by the general time-reversible model (Tavare 1986)
with a gamma correction (a = 1.0239) and a proportion
of invariable sites (P = 0.5127) for the COI data
(GTR + I + G). For bindin, the best model for the first
exon was a GTR + I + G model with a = 0.3490 and
P = 0.5360, but with four rate categories (TPM3u-
f + I + G). For the second exon of bindin, the best
model was that of Tamura & Nei (1993) with a gamma
correction (a = 0.5920) and a proportion of invariable
sites (P = 0.7230) (TrN + I + G).U.S. Government work and is in the public domain in the USA.
Fig. 1 Collection localities of specimens used in this study. Colours indicate the species as determined from morphology or nuclear
DNA sequences; letters indicate localities, and numbers sample size. Grey: Arbacia crassispina – A: Tristan da Cunha; B: Falkland
Islands (Malvinas). Red: Arbacia dufresni – C: Puerto Madryn, Chubut Province, Patagonia; E: Falkland Islands (Malvinas); F: Beagle
Channel, Tierra del Fuego, Argentina; G: Puerto Montt, Bahia Metri, and Bahia Corral, Chile. Purple: Arbacia spatuligera – H: Pisco,
Peru; D: Bahia Corral, Chile. Green: Arbacia stellata – I: Acapulco, Peru; J: Bay of Panama; K: Acajutla and Golfo de Fonseca, El Salva-
dor; L: Guerrero Negro, Baja California. Blue: Arbacia punctulata – M: Cayos Cochinos, Honduras; N: Carrie Bow Cay, Belize; O: Ft.
Pierce, Florida; P: Beaufort, North Carolina. Violet: Arbacia lixula – Q: Faial, Azores; R: Reis Magos, Madeira; S: Gran Canaria and La
Palma, Islas Canarias; T: Sal Island, Cape Verde; V: Baia Sepetiba Rio de Janeiro, Brazil; W: Alicante, Spain; X: Marseille, France; Y:
Corsica; Z: Parga, Ionian Sea; C: Tunis; D: Napoli, Italy; Q: Alexandroupolis, Chalkidiki Peninsula, and Samothraki, North Aegean
Sea; K: Akamas Peninsula, Cyprus. Black: Tetrapygus niger – P: Paracas, Peru; R: Coquimbo, Chile.
PHYLOGEOGRAPHY AND B INDIN E VOLUTI ON IN ARBACIA 133Cytochrome oxidase I and bindin phylogenies were
constructed using version 3.1.2 of MRBAYES (Ronquist &
Huelsenbeck 2003), applying each of the models sug-
gested by JMODELTEST. For bindin, the two exons
were considered as separate partitions, with a separate
model of DNA evolution applied to each. The analysis
of COI was started with Dirichlet priors for rates and
nucleotide frequencies and fixed rates for the gamma
shape parameter and the proportion of invariable sites.
The run consisted of estimating 40 · 106 trees, sampling
every 100th tree, and calculating credibility values of
the nodes of the 50% majority rule tree after discarding
the first 105 trees. The analysis of the bindin molecule
was started with fixed priors for each partition for all
parameters, as estimated from JMODELTEST, and con-
sisted of estimating 20 · 106 trees, sampling every 100th
tree, and calculating credibility values of the nodes of
the 50% majority rule tree after discarding the first
5 · 104 trees. In both analyses, the heating parameter TPublished 2011. This article is a U.S. Government work and is in the pwas set at 0.01, and there were two parallel runs, each
with four chains. Convergence was determined by a
value of average standard deviation of split frequencies
<0.01, by a value of potential reduction factor equal to 1
for all parameters and by multiple runs that produced
the same topology. As MRBAYES will only accept a single
taxon as an outgroup, a single COI sequence of T. niger
was randomly chosen for the analysis. Identical COI
haplotypes were removed before being submitted to
MRBAYES.
We also constructed COI and bindin gene genealogies
by maximum likelihood (ML), using the program GARLI
v. 0.95 (Zwickl 2006; https://www.nescent.org/wg_
garli/Main_Page). The COI data were analysed with
the same model of DNA evolution as the MRBAYES anal-
ysis, with all parameters fixed. The bindin data were
analysed with a GTR + G + I model in which rates,
nucleotide frequencies, the a parameter of the C distri-
bution and the per cent invariant sites were all esti-ublic domain in the USA.
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ated from each set of data, and a 50% majority consen-
sus tree was contracted in v. 4.0 PAUP*.
To estimate times since divergence between the spe-
cies, we used the penalized-likelihood method of San-
derson (2002), as implemented in his program r8s v.
1.70 (Sanderson 2004). Because the program cannot pro-
duce reliable results from more than 35 sequences, the
COI tree obtained from MRBAYES was pruned to include
only two sequences per well-supported clade. Smooth-
ing parameters were determined by the cross-validation
procedure provided by the program and applied as
penalty functions for changes in the logarithms of the
rates. We also used the mean path length method of
Britton et al. (2002, 2007), as implemented in their pro-
gram PATHD8 v. 1.0. This method calculates time since
divergence by using the mean path lengths between
each node and terminal taxa that descend from it, after
locally smoothing substitution rates. It performs a test
of the local molecular clock for the descendants of each
node and calculates confidence intervals by assuming
that substitutions follow a Poisson distribution. This
analysis was carried out without pruning of the trees.
To estimate rates of evolution of COI and bindin, we
have assumed that the eastern Pacific A. stellata was
split from the Atlantic clade encompassing A. punctula-
ta and A. lixula at the final closure of the Isthmus of
Panama, approximately 3 million years ago (Ma)
(Coates & Obando 1996). We have further constrained
the estimates in both r8s and PATHD8 by those suggested
by fossil evidence (Smith 2005). The end of the Miocene
(5.3 Ma) was considered as a minimum age for the split
between Arbacia and Tetrapygus, and the end of the Plio-
cene (2.6 Ma) was considered as the minimum age for
the divergence of A. punctulata from A. lixula.Evolution of bindin
Metz et al. (1998) found no evidence of selection on the
bindin of A. lixula, A. punctulata, A. stellata and A. duf-
resni. In order to determine whether the same holds
true on the mature bindins of A. spatuligera despite the
overlap of its geographical range with that of A. stellata
and A. dufresni, we conducted tests in the Codeml mod-
ule of PAML v. 4.4 (Yang 2007). For this analysis, the tree
of all bindin alleles (except for three from Bahia Corral,
suspected to belong to hybrid individuals) was unroot-
ed, and 27 nucleotide sites containing gaps or ambigui-
ties were eliminated. The resulting 226 amino acid
alignment was subjected to analysis of the distribution
of the ratio of amino acid replacement to silent substitu-
tions (x) among sites and among branches. Site-specific
models described by Yang (1998), Yang et al. (2000) and
Wong et al. (2004) were used. As null models for varia-Published 2011. This article is ation between sites we used the nearly neutral (M1a)
and the b distribution (M7) model. As a model that
allows selection, we used the b + x model (M8), which
allows for a continuous distribution of x values across
sites. We also used branches-site models (Yang & Niel-
sen 2002; Yang et al. 2005; Zhang et al. 2005) for a
simultaneous examination of variation in selection
among amino acid sites and among lineages of bindin.
Model MA1 assumed that the amino acid replacement
to silent substitution ratios (x0 = dN ⁄dS) for all back-
ground branches varied between 0 and 1, whereas the
foreground ratio was free to vary and was compared
with the nearly neutral model M1a. This test can pro-
duce significant results if there is relaxation of con-
straints, rather than positive selection, in the
foreground branch. Model MA2 is similar to MA1, but
uses as the null model MA1 with the foreground x = 1,
and is thus considered a direct test of positive selection
(Zhang et al. 2005). Model MB allows all x parameters
to be estimated from the data. In all tests, bindin alleles
of A. spatuligera were considered as the ‘foreground’
and all other sequences of Arbacia as the ‘background’.
Because recombination can produce spurious signatures
of selection (Anisimova et al. 2003; Shriner et al. 2003),
we used DNASP v. 5.10.1 (Librado & Rozas 2009) to
estimate the recombination parameter R (Hudson &
Kaplan 1985) and to perform the four-gamete test (Hud-
son 1987) for estimating the minimum number of
recombination events.Results
Phylogeography
The 257 COI sequences of Arbacia produced 177 unique
haplotypes. Figure 2A and 2B depict their phylogeny.
Bayesian and maximum-likelihood algorithms produced
the same topology, although bootstrapping of the ML
tree produced only weak support (0.53 and 0.54) for the
monophyly of sequences in two major clades that had
high Bayesian credibility values (0.96 and 1.00). The
gene genealogy shows that mitochondrial sequences of
recognized species are monophyletic, but there are two
exceptions. (i) One individual with Arbacia dufresni mor-
phology from Bahia Corral in southern Chile had
mtDNA that grouped with Arbacia spatuligera. COI of
this individual was sequenced twice from separate
extractions to ensure that the wrong species assignment
was not due to PCR contamination. Both bindin alleles
from the same individual (‘A. dufresni Bahia Corral 1’,
Fig. 2A) were in the same clade as bindin from A. duf-
resni. In this individual A. spatuligera mtDNA is resid-
ing in A. dufresni nuclear background. The most likely
explanation for this phenomenon is that there wasU.S. Government work and is in the public domain in the USA.
Fig. 2 Phylogeny of the sequences of cytochrome oxidase I (COI) of Arbacia, reconstructed with MRBAYES. Credibility values from
MRBAYES, when >0.85, are shown above the nodes, bootstrap values from GARLI below. (A) Haplotypes of Arbacia crassispina, Arbacia
dufresni, Arbacia spatuligera, Arbacia stellata and Arbacia punctulata. Arrow indicates the specimen with A. spatuligera COI, but two
alleles of A. dufresni bindin. (B) Haplotypes of Arbacia lixula. Numbers after locality names indicate individuals with indistinguish-
able haplotypes.
PHYLOGEOGRAPHY AND B INDIN E VOLUTI ON IN ARBACIA 135
Published 2011. This article is a U.S. Government work and is in the public domain in the USA.
Fig. 2 Continued.
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PHYLOGEOGRAPHY AND B INDIN E VOLUTI ON IN ARBACIA 137hybridization between the two species. The only other
individual in our sample from the same locality
(A. spatuligera Bahia Corral 1, Fig. 2A) had mtDNA of
A. spatuligera and bindin that resembled that of A. spat-
uligera. (ii) The second exception to monophyly of the
nominal species was that there was no phylogenetic
separation of COI from A. dufresni and A. crassispina.
Indeed, the two morphospecies shared indistinguishable
COI haplotypes; three individuals of A. dufresni from
the eastern Pacific shared the same haplotype with one
individual of A. crassispina from the Atlantic.
The Bayesian and ML topologies of the gene geneal-
ogy of bindin (Fig. 3) agreed with each other. The tree
of bindin agreed with that of COI, with two exceptions.
(i) Bindin of the individual from Bahia Corral with
A. spatuligera mtDNA (A. spatuligera B. Corral 1,
Fig. 2A) was most closely aligned with that of two indi-
viduals of A. spatuligera from Peru, but formed a sepa-
rate clade, though with weak support from ML
bootstrapping. (ii) Whereas in the mitochondrial phy-
logeny the Brazilian clade of A. lixula was a monophy-
letic entity within a polytomy of other sequences of this
species, bindin of eastern Atlantic and Brazilian speci-
mens was reciprocally monophyletic. In bindin, as in
COI, A. crassispina and A. dufresni did not form sepa-
rate clades.
The two methods used to estimate times of diver-
gence between the species provided consistent resultsFig. 3 Phylogeny of the sequences of bindin of Arbacia, reconstructe
are shown above the nodes, bootstrap values from GARLI below. Ar
bindin, but Arbacia spatuligera cytochrome oxidase I (COI). Sequences
their publication. Asterisks identify sequences obtained for the presen
Published 2011. This article is a U.S. Government work and is in the pfor the more recent splitting events, but the estimates of
the age of A. spatuligera and A. dufresni obtained by
PATHD8 from the COI tree were older than those
obtained by the same method from the bindin tree or
from either molecule by r8s (Fig. 4). Nevertheless, it
can be concluded that the extant species of Arbacia did
not split much before 5 Ma.
With Tetrapygus niger as the outgroup, both the COI
and the bindin phylogenies showed that the earliest
splits in the genus were between the eastern Pacific
species. The A. dufresni–Arbacia crassispina complex split
from all other extant species first 2.9–5.5 Ma, followed
by separation of A. spatuligera 2.8–5.2 Ma, and then Ar-
bacia stellata 2.6–3.7 Ma (Fig. 4). The latter species was
sister to the Atlantic clade, which subsequently
diverged 1.5–3.3 Ma into two clades, that of Arbacia
punctulata on the North coast of America and of A. lix-
ula in the eastern Atlantic, the Mediterranean and Bra-
zil. The Brazil population was a monophyletic unit
nested within the rest of the haplotypes of A. lixula in
COI (thus no date can be inferred from the mtDNA
data), but reciprocally monophyletic in bindin, render-
ing an estimated date of splitting 1.9–3.3 Ma. There
was no phylogenetic (Figs 2 and 3) distinction between
the Mediterranean and the eastern Atlantic populations
of A. lixula. There was also no distinction between
eastern Pacific and Atlantic populations of Arbacia
dufresni.d with MRBAYES. Credibility values from MRBAYES, when >0.85,
rows mark the two alleles of the specimen with Arbacia dufresni
from Metz et al. (1998) are identified with the same codes as in
t study. Codes of these specimens are the same as in Fig. 2.
ublic domain in the USA.
Fig. 4 Time since divergence of the clades of Arbacia in mil-
lions of years, as estimated under the assumption that Atlantic
and Pacific clades were separated by the Isthmus of Panama
3 Ma and constrained by a minimum age of the split between
Arbacia and Tetrapygus of 5.3 Ma (end of the Miocene) and of
Arbacia punctulata and Arbacia lixula of 1.6 Ma (end of the Plio-
cene). Values next to nodes indicate estimates from program
r8s; values above the branches indicate ages obtained from bin-
din, below the branches those obtained from cytochrome oxi-
dase I (COI). Ruler at the bottom indicates 95% confidence
ranges of ages obtained from program PATHD8 applied to the
bindin data, and ruler at the top indicates confidence ranges
applied to COI data.
Table 1 Log-likelihood ratio tests comparing models allowing
positive selection with their null alternatives
Models compared 2D‘ d.f. P
Variable sites
M7 vs. M8 )0.113 2 0.945
Branches ⁄ sites
M1a vs. MA1 )0.916 2 0.633
M1a vs. MA2 )0.916 3 0.822
MA1 vs. MA2 )2 · 10)6 1 0.999
M3 (k = 2) vs. MB )0.946 2 0.623
D‘, likelihood ratio; d.f., degrees of freedom; P, probability
derived from comparing the log-likelihood difference to the v2
distribution. See text for description of the models.
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overlapping species
The results of the PAML analysis for selection on the
bindin of A. spatuligera (Table 1) indicated that the con-
clusions reached by Metz et al. (1998) for the four spe-
cies they had included in their analysis applied to A.
spatuligera as well. The comparison of model M7 vs. M8
showed that none of the amino acid sites of any of the
species had an x ratio larger than unity. The compari-
son of model M1a to either MA1 or MA2 and the com-
parison of MA1 to MA2, as well as the comparison of
M3 to MB, all indicated that the foreground branch did
not show an excess of amino acid replacements over
silent substitutions. Recombination in the bindin of Ar-
bacia was high. Hudson’s (1985) R per gene was 60.6,
and the minimum number of recombination eventsPublished 2011. This article is afrom the four-gamete test was 14. This level of recombi-
nation could have been a problem for the PAML analy-
sis, because in some of the models, recombination can
be misinterpreted as selection (Anisimova et al. 2003;
Shriner et al. 2003). This, however, does not apply to an
analysis that finds selection to be absent. Thus, despite
the geographical overlap with A. stellata and A. duf-
resni, the bindin of A. spatuligera showed no evidence
of having evolved under the influence of selection.Discussion
The data presented here indicate that gene genealogies
of Arbacia bindin, a nuclear gene, and COI, a mitochon-
drial gene, coincide, except for minor differences. The
two genes are also in agreement in dismissing Arbacia
crassispina as a species distinct from Arbacia dufresni.
Estimates of time since divergence show that, contrary
to what Mayr (1954) thought, the species of this genus
are not particularly old. Two potential barriers that
might have caused splitting between clades, the south-
ern tip of the Americas, and the Straits of Gibraltar,
have not done so in A. dufresni or in Arbacia lixula,
respectively. Finally, the bindin of Arbacia spatuligera,
despite the geographical overlap of this species with
two other congeners and apparent hybridization with
one of them, shows no evidence of selection.
Our Bayesian and ML bindin phylogenies of all spe-
cies of Arbacia are compatible with the neighbour-joining
phylogeny of four species by Metz et al. (1998). The
major difference is that the addition of A. spatuligera
and the rooting of our phylogeny between the A. spatu-
ligera and the A. dufresni–A. crassispina clades show the
latter as sister to all the other species of Arbacia. This is
also true when our Bayesian and ML COI phylogenies
are compared with the neighbour-joining COI phylog-
eny of Metz et al. (1998). The statement of Metz et al.
that the clades of the two oceans split first and then eachU.S. Government work and is in the public domain in the USA.
PHYLOGEOGRAPHY AND B INDIN E VOLUTI ON IN ARBACIA 139clade gave rise to the species within each ocean (a con-
clusion that cannot be reached on the basis of an unroot-
ed tree) is not correct. An additional difference in the
mitochondrial phylogenies is that whereas the finding of
Metz et al. shows the Brazilian A. lixula as reciprocally
monophyletic with respect the eastern Atlantic and
Mediterranean populations of the same species, ours
shows it as a monophyletic unit nested within a polyto-
my of haplotypes composed of the latter. The difference
is not caused by the method of phylogenetic reconstruc-
tion, nor by the difference in the sequenced region of
COI. It is caused by our much larger sample size of
A. lixula, which has encompassed a great deal of the
Mediterranean and eastern Atlantic variation in this
gene. When we analysed with our methods our COI
data, but with A. lixula represented only by samples
from the Azores, Naples, Marseille and Brazil (the loca-
tions sampled by Metz et al.), the tree showed reciprocal
monophyly between Brazilian and East Atlantic-Medi-
terranean haplotypes. A detailed analysis of population
structure in A. lixula will be presented elsewhere.
With a rooted phylogeny, it is now possible to recon-
struct the sequence of speciation events that has
resulted in the present-day species of Arbacia. Barring
extinctions, it is likely that the eastern Pacific Tetrapy-
gus, the outgroup we have used, is actually the sister
genus of Arbacia. The range of Tetrapygus niger, the only
species in the genus, is from northern Peru to the Straits
of Magellan (Lorrain 1975). The only other extant spe-
cies of the order Arbacioida in the eastern Pacific is the
abysal Dialithocidaris gemmifera (Maluf 1988). Although
the possibilities that Arbacia split from an extant or
extinct genus in the Atlantic or else from Indo-Pacific
stock cannot be ruled out, the most parsimonious
hypothesis is that it originated from a Tetrapygus–Arba-
cia common ancestor in the southeastern Pacific. The
phylogeny and the modern distributions of the eastern
Pacific species are also in agreement with this hypothe-
sis, as the first clade to split from the rest is the south-
ernmost A. dufresni–A. crassispina, followed by the
Southern Hemisphere A. spatuligera, followed by the
tropical eastern Pacific Arbacia stellata, then by the wes-
tern Atlantic Arbacia punctulata and the eastern Atlantic
A. lixula, which was then split from the Brazilian clade
assigned by its morphology to the same species. The
sequence of emergence of new species in the eastern
Pacific follows the patterns of water circulation, as the
West Wind drift meets the coast of Chile at about 40–
45 S, then it is deflected southward to form the Cape
Horn system and northward to form the Humboldt cur-
rent (Fernandez et al. 2000; Thiel et al. 2007). However,
as with all phylogenetic reconstructions, ours reflects
the sequence of splitting events, not of colonization of
the various regions. The existence of Miocene fossils ofPublished 2011. This article is a U.S. Government work and is in the pArbacia at the eastern seaboard of North America (Smith
2005) makes it clear that the genus was widespread in
two oceans long before the completion of the Isthmus
of Panama–isolated Atlantic and Pacific clades.
The barriers that separated the three eastern Pacific
species of Arbacia from one another and caused their
speciation are hard to deduce. However, the distribu-
tion of each species of Arbacia in this region approxi-
mately corresponds with that of many other marine
taxa, each falling in the three major biogeographical
provinces diffusely defined by such distributions along
the coast of Chile (Brattstrom & Johanssen 1983; Lance-
llotti & Vasquez 1999, 2000; Fernandez et al. 2000;
Camus 2001). El Nin˜o events, local upwelling, earth-
quakes, and disruption of the flow of the Humboldt
Current by local topography characterize the coast of
Chile and have drastic impacts on its fauna, including
local extirpations (Thiel et al. 2007).
The eastern Pacific A. stellata is separated from the
two Atlantic species by the mass of the American conti-
nent, so it is natural to assume that this split was
brought about by the rise of the Isthmus of Panama
(Coates & Obando 1996; Lessios 2008). We have
assumed here that this split occurred at the final closure
of the water connections, 3 Ma, and we have calibrated
rates of molecular evolution according to this assump-
tion. It is, however, true that the value of transisthmian
COI divergence in Arbacia is among the highest of sea
urchin pairs similarly found on either side of Americas
(Lessios 2008). Approximate Bayesian computation has
shown that variation in divergence in seven species of
sea urchins (including Arbacia) can be explained by the
stochasticity of coalescence, not by earlier time of sepa-
ration (Hickerson et al. 2006). The high transisthmian
divergence value in COI of Arbacia is not reflected in
equivalent values in its bindin exons (Lessios 2008).
Nevertheless, the possibility exists that Atlantic and
Pacific species of Arbacia were separated during the
shoaling of the Isthmus at some date earlier than 3 mil-
lion years. If so, the rates of molecular divergence we
used for calibration are overestimates, and the true
dates of the splitting between the species are older than
the ones shown in Fig. 4. Even doubling the ages of the
species, however, would not make them much older
than species of Eucidaris (Lessios et al. 1999), Diadema
(Lessios et al. 2001), Tripneustes (Lessios et al. 2003),
Echinometra (McCartney et al. 2000) or Lytechinus (Zigler
& Lessios 2004). Thus, there is little support for Mayr’s
(1954) conclusion that the species of Arbacia are so old
that evidence of their ancestral distributions has been
lost.
The mid-Atlantic barrier, after separating the western
A. punctulata from the eastern A. lixula, appears to have
been crossed at least once to establish the latter on theublic domain in the USA.
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from the eastern Atlantic. It would be interesting to find
out whether A. lixula africana from the western coast of
Africa is more closely aligned to A. lixula from Cape
Verde or to A. lixula from Brazil. Some tropical echi-
noids, such as Echinometra lucunter (McCartney et al.
2000; Geyer & Lessios 2009) and Eucidaris tribuloides
(Lessios et al. 1999), maintain genetic connections in the
Southern Hemisphere between the coasts of Africa and
of America, whereas others, such as Diadema antillarum
(Lessios et al. 2001) and Tripneustes ventricosus (Lessios
et al. 2003), do not.
There seems to be little doubt that A. crassispina and
A. dufresni are not separate species, as the two morphs
are not distinct in the phylogeny of either the mitochon-
drial or the nuclear gene. The morphological differences
between the two nominal species are so slight, that
Clark (1925) questioned whether they could be main-
tained as separate species. Mortensen (1935), the author
of A. crassispina, agreed that it may be a local variety of
A. dufresni, but then changed his mind (Mortensen
1941). Arbacia dufresni appears to be capable of very
wide dispersal. That it crosses between oceans through
the Magellan straits, the Beagle Channel, and around
Tierra del Fuego is not all that surprising. Genetic sig-
natures of potential barriers in this area have been
found in sub-Antarctic patellid (Gonzalez-Wevar et al.
2010) and calyptraeid (Collin et al. 2007) gastropods,
and also in Antarctic kelp (Fraser et al. 2009). But
genetic contact around the tip of South America should
not be a problem for a species, such as A. dufresni,
spread from Patagonia to Tristan da Cunha with no
apparent phylogenetic subdivision. Why there is no
phylogenetic separation between COI sequences from
the mainland and from Tristan da Cunha despite a
distance of over 4000 km is not clear. Even though
Tristan da Cunha is only 1 million years old, nearby
Nightingale Island is 18 million years old (http://
www.btinternet.com/~sa_sa/tristan_da_cunha/tristan_
da_cunha.html), so propagules of Arbacia could have
arrived in the area at any time of the history of the
genus. It would appear that A. dufresni in the Archipel-
ago has not been cut off from American populations at
an ancient time. Given that A. dufresni is often associ-
ated with roots of bull-kelp, rafting of post-metamor-
phic individuals may be a possibility for dispersal
(Thiel & Haye 2006; Waters 2008). Another possibility is
that the low temperatures associated with this part of
the Atlantic retard the growth of the larvae and confer
a long time in the plankton. Either type of propagule
would be travelling on currents. There is vigorous
water displacement from west to east in the southern
Atlantic, but oceanographers disagree as to whether
the South Subtropical Front and its associated SouthPublished 2011. This article is aAtlantic Current flows past Tristan da Cunha or stays
South of it throughout the year (Stramma & Peterson
1990; Lujeharms et al. 1993; Smythe-Wright et al. 1998).
Another potential barrier that does not appear to
have caused any phylogenetic breaks is the Gibraltar
Strait. This narrow opening – or more precisely the Al-
meria–Oran line inside the Mediterranean – has been
shown to restrict gene flow in a number of organisms
(e.g. Calderon et al. 2008; Sotelo et al. 2009; Zulliger
et al. 2009; Perez-Portela et al. 2010; Vinas et al. 2010).
This does not seem to be the case for A. lixula. It
appears that planktonic larvae of Arbacia, perhaps
because of the small egg size in this genus (George
1990; Lessios 1990), impart long periods of growth in
the plankton. And yet, despite the high dispersal poten-
tial and the tolerance for low temperatures, the genus
has apparently never crossed either the Eastern Pacific
Barrier or the Benguela upwelling. Arbacia has never
been reported from either live specimens or fossils from
the Indo-Pacific.
Bindin in Arbacia shows no evidence of selection. This
had been documented by Metz et al. (1998) for the spe-
cies they had studied, and it remains true with the
addition of our new sequences, despite the geographical
overlap of A. spatuligera with A. stellata at one end of
its distribution and with A. dufresni at the other. Metz
et al. proposed three hypotheses as possible explana-
tions for the low ratio of amino acid replacement to
silent substitutions of Arbacia: (i) high levels of intraspe-
cific gene flow, (ii) functional constraints of the molecu-
lar structure and (iii) species recognition. With the
addition of new data, both those presented here about
Arbacia and those that have been published since 1998
about the evolution of bindin, these possibilities can
now be narrowed considerably: (i) The species of Arba-
cia may show high levels of genetic homogeneity
between distant populations, but these are no higher
than that of other species in which bindin is evolving
under strong selection. For example, E. lucunter shows
no significant population structure between Brazil,
Ascension, St. Helena, and the coast of Africa (McCart-
ney et al. 2000), yet its bindin evolves under strong
selection (Geyer & Lessios 2009). Lack of selection
owing to high gene flow is, thus, an unlikely explana-
tion. (ii) The bindin of Arbacia contains few insertions
and deletions or glycine-rich repeats, both of which are
present in the bindin of genera, such as Echinometra
(Metz & Palumbi 1996), Strongylocentrotus (Biermann
1998) and Heliocidaris (Zigler et al. 2003), which have
been found to evolve under selection. The hypothesis
that there is an association between these features of
molecular structure and selection-driven evolution
remains viable. We would still want to know, however,
why different features of molecular structure came toU.S. Government work and is in the public domain in the USA.
PHYLOGEOGRAPHY AND B INDIN E VOLUTI ON IN ARBACIA 141evolve in different genera. (iii) Given our results from
A. spatuligera, the hypothesis that absence of selection
on bindin in Arbacia is because of the absence of need
to avoid hybridization does not appear viable. There
are additional reasons for doubting that reinforcement
plays a role in the evolution of sea urchin bindin
[reviews in Lessios (2007, 2011)]. Even in Echinometra, in
which a pattern of character displacement was demon-
strated in the western Pacific (Geyer & Palumbi 2003), it
was later shown that no such pattern exists where it
might have been expected in the Atlantic (Geyer &
Lessios 2009). Although we still do not exactly know
the source of selection on bindin among genera with
high replacement to silent substitutions, there is indirect
evidence that it may arise from intraspecific processes,
such as sexual selection (Palumbi 1999), or sexual con-
flict arising from interactions between sperm density
and allele frequency (Levitan & Ferrell 2006; Palumbi
2009; Levitan & Stapper 2010). The question, of course,
still remains: Why should sexual selection on bindin be
strong in some genera and not in others? McCartney &
Lessios (2004) suggested that one would expect sexual
selection in E. lucunter, because this species inhabits
high-energy intertidal habitats and has a patchy distri-
bution, thus encountering conditions of temporarily
high sperm density. This, however, cannot be a general
explanation, because A. lixula is also an intertidal spe-
cies, yet its bindin evolves neutrally. It would appear
that phylogenetic constraints play a role, because selec-
tion in bindin has only been found in members of the
order Echinoida and has yet to be demonstrated in any
other order (Zigler 2008).Conclusions
The phylogeny of Arbacia is not in line with the ten-
dency of marine species to arise in the tropics and then
spread into the temperate zone [Jablonski et al. (2006),
but see Williams (2007) for an example of transitions in
both directions]. This nonconformity is not a taxonomic
artefact. In the phylogenetic tree of Arbacia, one could
potentially separate the low-latitude species from those
that include populations in the tropics, but given the
phylogenetic positions and geographical distributions of
Arbacia lixula and Arbacia punctulata, there would be lit-
tle point in doing so. The only strictly tropical species
of Arbacia is Arbacia stellata. The pattern of substitutions
among the bindin molecules of the species of Arbacia
had provided the first evidence that this reproductive
protein did not always evolve under strong selection.
The new data presented here show that sympatry and
avoidance of hybridization do not appear to be the
deciding factors for the presence or absence of selection
on bindin.Published 2011. This article is a U.S. Government work and is in the pAcknowledgements
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